Carotenoids are important components of plant antioxidant systems, which protect photosystems from photooxidative destruction during ultraviolet-B (UV-B) exposure. The influence of carotenoids on total antioxidant capacity (TAC) of plants has rarely been studied. In this study, tobacco (Nicotiana tabacum L., 'K326') seedlings exposed to UV-B radiation were used in order to evaluate the effects of ambient levels of UV-B radiation on carotenoid accumulation. The aim was to investigate whether carotenoids could enhance TAC as a means of UV protection. Our results showed that leaf carotenoid content in the low UV-B exposure (+9.75 mW/cm 2 ) plants was approximately 8% higher than that observed in control plants at 2-8 days of exposure. At high UV-B exposure (+20.76 mW/cm 2 ), the carotenoid content increased rapidly after 1 day's exposure (10.41% higher than the control), followed by a return to the content as in control plants. Furthermore, carotenoid content positively correlated with TAC (P = 0.024). These results suggest that carotenoids have antioxidant properties and play an important role in the antioxidant system. UV-B exposure increased the carotenoid synthesis capability of plants. The plants could deplete the carotenoids to scavenge excess ROS at high UV-B radiation levels, which protects the tobacco plant from oxidative damage caused by UV-B stress.
(P = 0.024). These results suggest that carotenoids have antioxidant
INTRODUCTION
Living organisms in the biosphere are exposed to ultraviolet-B (UV-B, 280 nm to 320 nm) at intensities that vary with the solar angle as well as the thickness of the stratospheric ozone layer. The amount of UV-B depends mainly on latitude and elevation. The intensity of solar UV-B reaching the Earth's surface has continuously increased, because the ozone layer in the stratosphere is depleted. Although UV-B is only a minor component of the total solar radiation (<0.5%), even a small increase in intensity can lead to significant biological damage (Zlatev et al., 2012) . Exposure to UV-B can influence plant processes in two ways: either by directly damaging DNA, which can cause heritable mutations, or by eliciting various regulatory effects that cause direct or indirect injuries to plant physiological functions (Lidon, 2012) .
At increased UV-B radiation, plant cells produce reactive oxygen species (ROS), such as superoxide anion (O 2
•-), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (HO • ) (Neill et al., 2002) . Overproduction of ROS can cause oxidative damage to membrane lipids, nucleic acids, and proteins (Neill et al., 2002) . These excessive levels function in mediating UV damage (Strid et al., 1994) . Antioxidant defense systems are important to allow plants to survive in UV-B-exposed environments. Plants have developed protective mechanisms against UV-B stress, including enhancement of antioxidant systems (Brosché and Strid, 2003) and accumulation of UV-absorbing compounds (Fedina et al., 2007) .
Carotenoids directly protect photosystems against UV radiation (Salama et al., 2011) . In plants, carotenoids function as accessory pigments in light harvesting. One of the most important functions of carotenoids is the ability to scavenge various ROS formed under UV-B stress and protect chlorophylls from photooxidation (Karuppanapandian et al., 2011) . As an important component of antioxidant systems, carotenoid synthesis is induced by UV-B radiation through an increase in phytoene synthase expression level (Mackerness, 2000) . This process is an example of plant acclimation mechanisms that diminish the damaging effects of UV-B radiation. In this process, ROS function as messenger molecules in signaling pathways (Hideg, 2006) . Many studies have demonstrated that ROS induce carotenogenesis in some species, such as pepper (Bouvier et al., 1998) , poplar (Ballach et al., 1992) , and Norway spruce (Polle et al., 1992) . However, significant reductions in carotenoids in response to UV-B have been reported in other plant studies (Juozaitytė et al., 2008; Indrajith and Ravindran, 2009; Singh et al., 2011) . These contradictory results may be attributed to different UV-B oxidative stress levels. Under relatively high oxidative stress, carotenoids are destroyed at a faster rate than they can scavenge the overproduced ROS, resulting in a reduced ability to alleviate UV-B stress (Pallet and Young, 1993) . Thus, the relationship between carotenoids and ROS in UV-B radiation is complex.
Although the effects of UV-B radiation on carotenoid accumulation are welldocumented, the interaction of these pigments with induced ROS remain unclear. This study was performed using tobacco (Nicotiana tabacum L., 'K326') seedlings exposed to UV-B radiation to investigate the effects of enhanced UV-B radiation on carotenoid accumulation, ROS concentration, and total antioxidant capacity (TAC). The purpose of this study was to evaluate the effects of ambient levels of UV-B radiation on the ROS system in tobacco and to test the hypothesis that the carotenoids would lead to enhanced antioxidant capacity as the means of UV-protection.
MATERIAL AND METHODS

Plant culture
Tobacco seeds (N. tabacum L., 'K326') were germinated in a culture substrate (Ge et al., 2005) and grown to seedlings in a naturally illuminated greenhouse for 65 days. Then, 90 seedlings were transferred to plastic pots (diameter = 15 cm; one plant per pot) containing peat moss mix, sand, and loam. The plants were watered every day with an excess of half-strength Hoagland nutrient solution and the draining solution was removed. The plants were kept in a greenhouse with day/night temperatures of 34/23°C, relative humidity of 65-85%, average photosynthetically active radiation (PAR) of 450 µmol·m -2 ·s -1 , and a photoperiod of 14 h/day.
UV-B treatments and harvest procedures
Twenty-five days after transplantation, all plants were divided into three groups that were irradiated with different levels of UV-B. The UV-B radiation was artificially supplied by using UV-B emitting fluorescent lamps (30 W, Nanjing Huaqiang Electronic Co., Nanjing City, Jiangsu Prov, China) based on the method described Ranjbarfordoei et al. (2009) . The UV-B lamps were suspended above and perpendicular to the pots. The lamps were covered with 0.13 mm cellulose acetate (CA) film, to exclude UV radiation below 292 nm. The CA films were changed every 2 days to avoid photodegradation of the CA properties caused by UV-B radiation. The density of UV-B irradiation above the plants was measured with a UV spectroradiometer (model UV-B, Photoelectric Instrument Factory of Beijing Normal University, Beijing City, China) and regulated by changing the distance between plants and lamps. The UV-B provided by sunlight was 75 µW/ cm 2 (measured at 11:00 AM in June). The three UV-B exposure treatments used were: +0 (control), +9.75 (UV-B1), and +20.76 µW/cm 2 (UV-B2). These radiation densities are approximately equivalent to those recorded in China under clear-sky conditions in summer at elevations of 35, 1000, and 3000 m above sea level, respectively. No difference in PAR was observed among the three treatments. The plants were irradiated for 6 h per day in the middle of the photoperiod (10:00-16:00).
Plants were harvested before the onset of irradiation (0 d) and 6 hours (1/4 d), 1 day (1 d), 2 days (2 d), 4 days (4 d) and 8 days (8 d) after the irradiation started. Three independent plants were harvested from each treatment as replicates. Finally, 48 plants from all treatments were harvested, and the remaining plants were destroyed. The harvested samples were immediately frozen in liquid nitrogen and stored at -70°C until laboratory analysis was performed.
Determination of carotenoids
Carotenoids were extracted from lyophilized leaf samples (0.5 g) by using an acetone: water (90:10, v/v) solution (10 mL) containing 0.1% butylated hydroxytoluene. Individual carotenoids (lutein and b-carotene) were analyzed via high performance liquid chromatography, using a Waters 2690 Alliance system according to the method described by Chu et al. (2010) with slight modifications. A reversed-phase C 18 column (3.9 mm i.d. x 150 mm, 5 µm) was used; elution was conducted using a mobile phase of (A) acetonitrile-water (88:12, v/v) and (B) acetic ester with the following gradient elution: 0-10 min, 30% A + 70% B; 10-12 min, 60% A + 40% B; and 12-30 min, 60% A + 40% B. The carotenoids were identified using a photodiode array detector (SPD-M10AVP, Shimadzu, Japan) at 450 nm by comparing the obtained spectra and retention times with those of references (Figure 1 ). Lutein and b-carotene standards were obtained from Sigma (St. Louis, MO, USA). Total carotenoid content was determined using a spectrophotometric method at 450 nm. To prepare the calibration curve, we used b-carotene as the standard compound. 
Estimation of H 2 O 2
H 2 O 2 concentration was determined as described by Hichem et al. (2009) . In brief, leaf samples (0.5 g) were homogenized in 5 mL cold acetone and centrifuged for 10 min at 1500 g. The supernatant was then used for the H 2 O 2 assay. After 10 min reaction at 25°C, 0.1 mL 20% TiCl 4 and 0.2 mL concentrated ammonia were added to 1 mL supernatant. The reaction mixture was then centrifuged for 10 min at 1500 g. Absorption was determined at 410 nm and H 2 O 2 concentration was calculated according to the standard curve.
Determination of O 2 •ˉ
A modified nitroblue tetrazolium (NBT) staining method was used to determine accumulated O 2
•-in the tested samples. This procedure was conducted based on the method described by Bournonville and Díaz-Ricci (2011) with slight modifications. In brief, detached leaves from tobacco seedlings were immersed in 50 mM potassium phosphate buffer, pH 7.8, containing 0.1% NBT and 10 mM sodium azide. The leaves were infiltrated via vacuum shock for 2 min, incubated for 2 h in the dark (without vacuum), and immersed in 96% (v/v) ethanol to eliminate chlorophyll completely. O 2
•-production was visualized as a purple formazan deposit in the leaf tissues. After NBT staining, the leaf tissues were dried with a heat gun and ground in a mortar. Formazan was extracted from 20 mg dried tissue using 1 mL 2 M potassium hydroxide:chloroform (1:1, v/v), followed by complete drying under gaseous nitrogen flush at 4°C in the dark. The solid residue was then dissolved in 350 µL dimethyl sulfoxide and 300 µL 2 M potassium hydroxide and immediately analyzed with a spectrophotometer at 630 nm. The quantification of formazan was calculated using the following equation:
The amount of O 2
•-accumulated in the tested samples was expressed as µg formazan/mg dry weight.
Trolox equivalent antioxidant capacity (TEAC) assay
The leaf samples (1 g) were homogenized in an ice bath in 5 mL phosphate buffer (50 mM), pH 7.2, containing 1 mM ethylenediaminetetraacetic acid (EDTA). The homogenized samples were centrifuged at 40,000 g for 25 min at 4°C, after which the supernatants were used for measurements. The principle of the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay is the scavenging mechanism of ABTS + radical by hydrogen-donating antioxidants in the sample, forming colorless ABTS (Majer et al., 2010) . To form cation radicals, we mixed 0.1 mM ABTS, 0.0125 µM horseradish peroxidase, and 1 mM H 2 O 2 with 50 mM phosphate buffer, pH 6. After 15 min of incubation, 100 µL leaf extract was added to 1 mL ABTS radical solution. The decrease in absorbance was determined at 730 nm after 2 min. The calibration curve was then drawn with Trolox, and the plant samples were expressed as µg Trolox equivalent/mL leaf extract.
Statistical analysis
The results were statistically examined using one-way ANOVA, in which UV-B treatment and treatment time were used as factors. Their interactions were considered for the whole data set in SPSS for Windows v. 18.0 (standard version). Duncan's multiple-range test was used to compare the means at different levels within a specific factor. Three individual samples of each treatment were treated as replicates and subjected to statistical analysis (N = 3 for each treatment).
RESULTS
Effects of UV-B radiation on the carotenoid content of tobacco leaves
Lutein and b-carotene are the most abundant components of carotenoids in tobacco leaf. To examine the pattern of carotenoid accumulation in response to UV-B radiation, we determined the amounts of lutein, b-carotene, and total carotenoid in tobacco leaves. A dynamic change of carotenoid accumulation in the control and UV-B1-treated plants with a Absorbance nm = consistent increase throughout the study period is illustrated in Figure 2 . However, carotenoid accumulation was higher in the UV-B1-treated than in the control plants from day 2 to day 8. By contrast, the dynamic change of carotenoid content in the UV-B2-treated plants showed an inverted V-shape. A significant (P < 0.01) sharp increase was observed in the total carotenoid content on day 1 of treatment compared with the control plant (Figure 2A) . Then, the total carotenoid content was reduced continually until day 4. On day 8, there was no significant difference in carotenoid contend between the UV-B2-treated and control plants (P > 0.05). The same profile was observed in b-carotene contents in the UV-B2-treated group, but b-carotene was significantly lower (7.74%, P < 0.05) than that of the control group on the last day ( Figure  2B ). The greatest increase (54.22%, P < 0.01) in lutein content in the UV-B2-treated group was detected on day 2. At the end of the treatment, the lutein content in the UV-B2-treated group was significantly higher (10.05%, P < 0.05) than that in the control group and slightly lower than that in the UV-B1-treated plants ( Figure 2C ). 
Effects of UV-B radiation on ROS concentration in tobacco leaves
The changes in ROS concentration (H 2 O 2 and O 2
•-) in tobacco leaves over time are shown in Figure 3 . Both the H 2 O 2 ( Figure 3A) and O 2
•-( Figure 3B ) concentrations increased significantly in the UV-B1-treated group (39.93 and 53.55%, respectively, P < 0.01) on day 1 compared with those in the control group. In this group, a relatively high level of ROS was maintained until day 8. In the UV-B2-treated plants, the generation of the two ROS increased sharply, reaching their maximum on day 1. At this time point, the H 2 O 2 concentration was 70.95% higher than the control group, whereas the O 2
•-concentration was increased by more than one-fold compared to the control group. After day 1, the H 2 O 2 and O 2
•-concentrations were reduced gradually followed by a levelling out after day 4. After 8 d of UV-B exposure, the ROS levels in the leaves were higher compared with that observed in the control plants. 
Effects of UV-B radiation on TAC
The leaf extract TAC was measured as the TEAC (Figure 4 ). In the UV-B1-treated group, the leaf TAC significantly increased after 4 d exposure. In the UV-B2-treated group, TAC increased immediately after the tobacco seedlings were exposed to high UV-B radiation. After the maximum peak, which was reached on 1/4 day, TAC decreased quickly and returned to the initial level after 2 days. On subsequent days, the changes in UV-B2 were similar to those of the UV-B1-treated group. After 8 days' exposure, a significantly higher TAC was observed in the UV-B-treated plants compared with the control plants (P < 0.01). By contrast, no significant differences were found between the two UV-B treatment groups (P > 0.05). 
Correlation between carotenoid content and TAC
The correlations between TAC and carotenoid content were characterized using Pearson's correlation coefficients (r P ; Table 1 ). These analyses showed that TAC was positively correlated with lutein contents (P = 0.002) and total carotenoid content (P = 0.024). However, no correlation was found between TAC and b-carotene content (P > 0.05). * , **Significant correlations at 0.05 and 0.01 level, respectively. 
DISCUSSION
ROS are products of normal cellular metabolism (Karuppanapandian et al., 2011) . Under normal conditions, the ROS concentration in tobacco seedling leaves is constant. The stable state of ROS depends on the balance between ROS production and quenching by various enzymatic and non-enzymatic antioxidant systems (Dat et al., 2000) . However, this delicate balance is perturbed by UV-B irradiation, thereby increasing ROS levels. The present study revealed an increase in H 2 O 2 and O 2
•-concentrations that was induced by UV-B irradiation. In plants treated with low levels of UV-B (+9.75 mW/cm 2 ), the ROS concentration in the leaves increased by approximately 50% compared with that in the control group after 1 day. By contrast, ROS was increased remarkably (approximately one-fold) in plants treated with high levels of UV-B (+20.76 mW/cm 2 ). The latter could be considered a "reactive oxygen burst" (Bhattacharjee, 2005) . The overproduction of ROS in living organisms under stressful conditions is potentially toxic because ROS may attack biomolecules such as lipids, proteins, and DNA, as well as some small molecules. As a result, oxidative damage or even organism death may occur (Wang et al., 2013) . To cope with ROS toxicity, plant cells use numerous highly efficient antioxidant systems comprised of enzymatic and non-enzymatic constituents (Carletti et al., 2003) . As a result of these coping mechanisms, the ROS concentrations in the UV-B2-treated plants decreased on days 2-4 compared to the maximum on day 1, but they still remained higher than that of the control group.
Many studies have shown that plant carotenoid synthesis is increased by exposure to UV-B radiation, possibly because carotenogenesis is controlled by light quality as regulated by phytochrome and/or UV-B receptors (Mackerness, 2000; Becatti et al., 2009) . In this study, the leaf carotenoid content increased after 2 days in the UV-B1 plants, compared with that in control plants. However, in the UV-B2 plants, a dynamic change in carotenoid content showing an inverted V-shape on days 0-4 was observed. This dynamic change can be indicative of an increase in carotenoids that were oxidized by excess ROS induced by UV-B stress. Carotenoids have an important function by detoxifying various ROS forms and protecting photosynthetic organisms against oxidative damage (Karuppanapandian et al., 2011) . The antioxidant properties of carotenoids are due to their conjugated double bonds (Ramel et al., 2012) . Each double bond in the carotenoid backbone can be oxidized by ROS and subsequently produces various aldehydes and ketones (Kirakosyan et al., 2003; Ramel et al., 2012) . The content of carotenoid oxidative degradation products in the tobacco leaves exposed to high UV-B radiation, including 6-methylhept-5-en-2-one, isophorone, damascenone, and geranyl acetone, was increased compared with that in the control group (Xue et al., 2016) . Most of the carotenoid degradation products appear to be aromatic substances and the amounts of these products are an important quality index of some economic crops, such as flue-cured tobacco and tea.
The TAC of leaves is frequently included in the set of parameters used to characterize plant stress responses (Majer et al., 2010) . In the present study, leaf TAC increased in both UV-B-treated groups, indicating that the tobacco antioxidant system was stimulated by UV-B radiation. Leaf TAC was remarkably altered after the plants were exposed to high UV-B radiation on day 1. Similar results were observed in Crataegus leaves subjected to drought and cold stress conditions (Kirakosyan et al., 2003) . This substantial TAC increase in response to high UV-B radiation occurred before the reactive oxygen burst. This indicates that the antioxidant mechanism was activated rapidly in response to the environmental stressor to cope with oxidative damage.
The leaf TAC was positively correlated with lutein content (r P = 0.65, P < 0.01) and total carotenoid content (r P = 0.51, P < 0.05). This indicates that carotenoid accumulation helped the plant enhance the antioxidant capacity to reduce oxidative damage. The TAC/lutein correlation suggests that lutein is the most effective inhibitor. This result is consistent with that of Sindhu et al. (2010) , who found that lutein contains conjugated double bonds and two hydroxyl groups on both ends; this structure results in a stronger antioxidant than other carotenoids.
Our results indicate an increase in carotenoids induced by UV-B radiation that enhances the TAC of antioxidant system and prevents the tobacco plant from photooxidative destruction. However, whether this induced response could prevent plants from oxidative damage caused by other environment stressors, such as drought, high temperature, or salt, is not known. Further studies are needed to fully understand the impacts of UV-B exposure on plant resistance to environment stressors.
Conflicts of interest
The authors declare no conflict of interest.
